Air filters support fungal growth, leading to generation of conidia and volatile organic compounds, causing allergies, infections and food spoilage. Filters that inhibit fungi are therefore necessary. Zinc oxide (ZnO) nanoparticles have anti-fungal properties and therefore are good candidates for inhibiting growth. Two concentrations (0.012 M and 0.12 M) were used to coat two types of filters (melt-blown and needle-punched) for three different periods (0.5, 5 and 50 min). Rhizopus stolonifer and Penicillium expansum isolated from spoiled pears were used as test organisms. Conidial suspensions of 10 5 to 10 3 spores ml −1 were prepared in Sabouraud dextrose agar at 50°C, and a modified slide-culture technique was used to test the anti-fungal properties of the filters. Penicillium expansum was the more sensitive organism, with inhibition at 0.012 M at only 0.5 min coating time on the needle-punched filter. The longer the coating time, the more effective inhibition was for both organisms. Furthermore, it was also determined that the coating process had only a slight effect on the Young's Moduli of the needle-punched filters, while the Young's Moduli of the melt-blown filters is more susceptible to the coating method. This work contributes to the assessment of the efficacy of filter coating with ZnO nanopaticles aimed at inhibiting fungal growth.
Studies on the anti-fungal activity of ZnO nanoparticles have been carried out against fruit spoilage fungi such as Botrytis cinerea, P. expansum, R. stolonifer and Fusarium graminearum [8, 9] . It was shown that such particles inhibited development of conidia, conidiophores showed distortion and hyphae were deformed [9] . Therefore, testing nanoparticle-coated filters for inhibition of food spoilage organisms, such as P. expansum and R.stolonifer, may potentially shed light on how to better control specific environments against these organisms, particularly in food storage facilities.
The aim of this study was to assess the anti-fungal efficiency of melt-blown and needle-punched filters coated with ZnO nanoparticle solutions. The most effective coating conditions, i.e. nanoparticle concentration and coating time, for the inhibition of fungal conidial suspensions, P. expansum and R. stolonifer, previously isolated from pome fruits, are identified.
Material and methods

Filters
EN 779 standard filters, particulate air filters for general ventilation, were used. Two types were used: needle-punched HS-Alpha Pak (efficiency 40-60%, P = 40-50 Pa) made of synthetic fibre fleece and chosen for its maximum filtration abilities at minimal dimensions, henceforth referred to as needlepunched filter, and melt-blown HS-Beta Pak (efficiency 65-95%, P = 90-150 Pa) made of fibreglass paper and chosen for its properties as a robust dust filter, henceforth referred to as melt-blown filter. Filters were manufactured by Luftfilterbau GMBH (Kiel, Germany). The filter samples (each cut to a size of 10 mm by 10 mm) that were used for the anti-fungal tests (see below) were autoclaved at 135°C for 3 min to eliminate any microbial contaminants that might be present. On the other hand, the filter samples which were used to conduct the mechanical tests (each cut to a size of 20 mm by 80 mm) were not subjected to autoclaving.
Nanoparticle coating of filters
Commercially available ZnO nanoparticles (Sigma Aldrich, USA) were used throughout this study. ZnO nanoparticle suspensions were prepared by mixing the ZnO nanoparticles (in powder form) with propan-2-ol. This suspension was then sonicated for 30 min at 60 Hz. Two different concentrations of ZnO nanoparticles suspensions were prepared, namely 0.012 M and 0.12 M (within the range of previously reported studies on the anti-fungal properties of ZnO [9] ) in solutions of propan-2-ol.
The filters were then coated by immersion in a nanoparticle suspension. More specifically, for each of the filters tested (needle-punched and melt-blown) nine different samples were prepared in triplicate. For each of the nine samples prepared, different immersion times and/or concentration of the nanoparticles suspension were used as detailed in table 1. The treated filters were left to dry overnight in a sterile laminar flow hood in order to be dried before further use.
Scanning electron microscopy analysis
Micrographs of the filter at a magnification of 500 were captured using a Carl Zeiss Merlin Field Emission scanning electron microscope (SEM), with an extra high tension (EHT) of 2.20 kV and a working distance (WD) of 5.0 mm. The filters were mounted on an aluminium block using carbon tape (as conductive substrates) based on commonly used approaches.
Preparation of conidial suspensions
Two mould fungi were selected for testing: P. expansum and R. stolonifer. These two organisms were selected because of their important impact in postharvest pathology, as previously described. Fungal spores were harvested from 5-day-old malt extract agar (MEA) (Biolife, Italy) Petri dish cultures by adding 10 ml of a 0.05% Tween-80 solution and by scraping off the plates' surfaces with a sterile bent rod. The resulting suspensions were aseptically filtered through a four-layer sterile gauze to remove any mycelial contamination. The concentrations of such 'dormant' spores' suspensions were determined with a Neubauer counting chamber in order to prepare the dilutions required for the testing of the filters.
For P. expansum, a suspension of 1.73 × 10 6 conidia ml −1 was achieved. This was serially diluted in sterile distilled water to achieve 10-fold dilutions down to 1.73 × 10 3 conidia ml −1 . For R. stolonifer, a Table 1 . Sample coating preparations. Note that X in sample ID can be 'N' indicating the needle-punched filters or 'M' indicating the melt-blown filters (negative refers to propan-2-ol samples). n.a., not available. conidium suspension of 4.12 × 10 5 conidia ml −1 was achieved. This was serially diluted in sterile distilled water to achieve 10-fold dilutions down to 4.12 × 10 2 conidia ml −1 .
Fungal inhibition of coated filters
A modification of the slide-culture method [26] was used to test the nanoparticles coated filters for growth inhibition. Sabouraud dextrose agar (SDA) (Biolife, Italy) was prepared to soak the coated filters in order to hasten the fungal growth onto their surfaces. This would represent a worst case scenario for filters to support fungal growth. The conidial suspensions were used to inoculate the SDA tempered down to 50°C. The following final concentrations were obtained: for P. expansum, 1.73 × 10 4 , ×10 3 , and ×10 2 conidia ml −1 ; for R. stolonifer, 4.21 × 10 3 , ×10 2 , and ×10 1 conidia ml −1 . The cut filters were mounted on a sterile slide. The slide was then set up onto a bent glass rod or sterile bent plastic straw in a 90 mm sterile glass Petri dish. In total, 5 ml of sterile distilled water was added to the bottom of the Petri dish to keep the humidity high and constant. The filters were then soaked from both sides with the agar suspension containing the conidia using a sterile plastic pipette and sterile plastic forceps. For each suspension, one type of nanoparticle-coated filter produced earlier was tested and one non-coated filter was also tested as positive control. The propan-2-ol control filters were also tested as negative controls. In total, 25 ml from each remaining inoculated agar suspension were then used to fill one sterile 90 mm plastic Petri dish that was incubated together with the other ones. This control was used to make sure that conidia remained viable when preparing the suspensions at 50°C. The set-ups were allowed to set for a few minutes and then incubated at 25°C for 5 days. After incubation was complete, tests were compared with controls to see where growth was inhibited in nanoparticlecoated filters. Experiments were reported as binary responses (for similar approaches refer to Tassou et al. [27] .
Mechanical properties of filters
The mechanical properties, namely the Young's modulus (which describes the relation between stress and strain) and Poisson's ratio (which describes the change in the transverse strain in response to an axial strain), of the different samples of coated filters were measured using a tensile loading machine (Testometric, UK) having a 100 kgF load cell (S/N 31931), equipped with a duly calibrated camera videoextensometer (Messphysik, Germany). Samples measuring 20 mm by 80 mm were coated as explained above. For each immersion time/nanoparticle solution concentration used (as detailed in table 1 above), four repeats were performed. The Young's modulus was measured as the slope of a stress-strain graph.
In order to measure the Poisson's ratio, axial and transverse strains of the measurements were taken for the length and width of the filters samples, which were appropriately marked for the Messphysik pattern recognition software. For each filter sample, three transverse lengths and one axial length were recorded. As much as possible, the measurements were taken from the centre of the specimen in order to reduce any edge effects. Experiments were run up to 1% axial strain. The Poisson's ratio was then measured as the negative slope of a transverse strain-axial strain graph. 
Results
Coating of foams
A visual analysis of the SEM images (figure 1) indicates that, as expected, increasing the immersion time increases the thickness of the nanoparticle coating on the filter fibres. It is also evident that the needle-punched filters are more heavily coated than the melt-blown equivalent. In fact, using the same nanoparticle suspension, the coat on the needle-punched filters after 0.5 min of immersion (figure 1c) is much thicker than the coat on the melt-blown filter after 50 min of immersion (figure 1b).
Anti-fungal activity of coated filters
Results show that P. expansum was the most inhibited on the 0.012 M ZnO coated filters and could even be inhibited when filters were coated for only 30 s in the case of needle-punched filters (figure 2). Rhizopus stolonifer showed less sensitivity when compared with P. expansum ( figure 3) . The longer the coating time, the more effective the inhibition for all the tested fungi. The 0.12 M concentration of ZnO inhibited all the studied fungi even for the shortest coating time of 30 s (figures 4 and 5).
Mechanical properties of coated filters
From figure 6 , it is clear that the measurements of the Young's modulus for the needle-punched filters are much less variable than those for the melt-blown filters, which means that the four needle-punched samples tested are much more alike than the four melt-blown samples tested. Furthermore, the needlepunched filters have a lower Young's modulus than melt-blown filters.
When comparing the dry controls to the wet controls, it is apparent that the needle-punched filters are affected more by longer immersion times than the melt-blown filters. However, when coated with ZnO nanoparticles, the Young's modulus of the melt-blown filters changes more than that of the needlepunched filters. This is indicated by the higher variability in the measurements obtained for the coated melt-blown filters.
The results obtained for the Young's moduli of the filters indicate that while the solvent causes the Young's modulus to decrease, as observed in the wet control, the presence of the nanoparticles causes the modulus to increase, which explains the higher moduli observed at high nanoparticle concentration. the fibres behave when subjected to a load (a change in deformation mechanism), due to the presence of the nanoparticles. Furthermore, the high variability in the results, particularly for the needle-punched filters, can be attributed to the random arrangement of fibres.
Discussion
The anti-fungal properties of ZnO nanoparticles were demonstrated quite clearly in this study as both the fungi were sensitive to the nanoparticles' effect. According to the obtained results, P. expansum seemed to recover from the inhibitory effect of ZnO more slowly than R. stolonifer. This was shown to be the case at the highest inoculum densities where Rhizopus still managed to grow while Penicillium failed. The lower recovery ability of Penicillium could be due to the difference in the growth dynamics between these two fungi because Rhizopus is well known to show a higher aggressiveness even when grown in non-optimal conditions [28, 29] .
Damage caused by nanoparticles depends on size [30] and shape. Nanoparticles vary in shape, and these can be triangular, rod shaped or spherical [11, 31, 32] . This affects the surface area to volume ratio, and also the ability to cause physical damage to cells [12] . Because of the size, a relatively high surface area to volume ratio is achieved and presumably this is the most important property leading to the antimicrobial effects. Research has focused mainly on bactericidal mechanisms. Fungicidal mechanisms have been much less studied. Proposed fungicidal mechanisms of nanoparticles are extrapolated from mechanisms proposed for bacteria and include interaction with thiol groups of vital enzymes leading to enzyme inactivation [33] , and killing by oxidative stress [11] . ROS was, however, demonstrated to cause membrane and cell wall damage.
Inhibition of growth seemed to be less on melt-blown filters rather than the needle-punched ones. This may be explained by the amount of nanoparticles that adhere to the fibres of the filter. In fact, from figure 1 (electron micrographs showing the coating on the filters), it is clear that ZnO nanoparticles adhere much more to the needle-punched filters rather than to the melt-blown ones. This means that the spores in contact with the coated needle-punched filters found a harsher environment (higher amount of ZnO nanoparticles) when compared with the spores in contact with the coated melt-blown filters. The identification of such commercial filters that can be used for coating with nanoparticles, while preventing the growth of fungi without affecting the mechanical properties of the filter, are of importance for novel industrial applications.
ZnO nanoparticles may therefore be good candidates for coating various filters needed to remove microorganisms from the air. Nanoparticle-coated filters may be a good investment, as these can potentially have a longer shelf life once they are installed due to the fact that these will not suffer contamination problems. It is therefore highly desirable to explore the potential of such filters further.
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